ABSTRACT: The hedgehog (Hh) signaling pathway plays a central role during embryonic development, and its aberrant activation has been implicated in the development and progression of several human cancers. Major efforts toward the identification of chemical modulators of the hedgehog pathway have yielded several antagonists of the GPCR-like smoothened receptor. In contrast, potent inhibitors of the sonic hedgehog/ patched interaction, the most upstream event in ligand-induced activation of this signaling pathway, have been elusive. To address this gap, a genetically encoded cyclic peptide was designed based on the sonic hedgehog (Shh)-binding loop of hedgehoginteracting protein (HHIP) and subjected to multiple rounds of affinity maturation through the screening of macrocyclic peptide libraries produced in E. coli cells. Using this approach, an optimized macrocyclic peptide inhibitor (HL2-m5) was obtained that binds Shh with a K D of 170 nM, which corresponds to a 120-fold affinity improvement compared to the parent molecule. Importantly, HL2-m5 is able to effectively suppress Shhmediated hedgehog signaling and Gli-controlled gene transcription in living cells (IC 50 = 230 nM), providing the most potent inhibitor of the sonic hedgehog/patched interaction reported to date. This first-in-class macrocyclic peptide modulator of the hedgehog pathway is expected to provide a valuable probe for investigating and targeting ligand-dependent hedgehog pathway activation in cancer and other pathologies. This work also introduces a general strategy for the development of cyclopeptide inhibitors of protein−protein interactions. T he hedgehog (Hh) signaling pathway plays a central role during embryonic development, controlling cell growth and differentiation, tissue patterning, and organogenesis.
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ABSTRACT: The hedgehog (Hh) signaling pathway plays a central role during embryonic development, and its aberrant activation has been implicated in the development and progression of several human cancers. Major efforts toward the identification of chemical modulators of the hedgehog pathway have yielded several antagonists of the GPCR-like smoothened receptor. In contrast, potent inhibitors of the sonic hedgehog/ patched interaction, the most upstream event in ligand-induced activation of this signaling pathway, have been elusive. To address this gap, a genetically encoded cyclic peptide was designed based on the sonic hedgehog (Shh)-binding loop of hedgehoginteracting protein (HHIP) and subjected to multiple rounds of affinity maturation through the screening of macrocyclic peptide libraries produced in E. coli cells. Using this approach, an optimized macrocyclic peptide inhibitor (HL2-m5) was obtained that binds Shh with a K D of 170 nM, which corresponds to a 120-fold affinity improvement compared to the parent molecule. Importantly, HL2-m5 is able to effectively suppress Shhmediated hedgehog signaling and Gli-controlled gene transcription in living cells (IC 50 = 230 nM), providing the most potent inhibitor of the sonic hedgehog/patched interaction reported to date. This first-in-class macrocyclic peptide modulator of the hedgehog pathway is expected to provide a valuable probe for investigating and targeting ligand-dependent hedgehog pathway activation in cancer and other pathologies. This work also introduces a general strategy for the development of cyclopeptide inhibitors of protein−protein interactions. T he hedgehog (Hh) signaling pathway plays a central role during embryonic development, controlling cell growth and differentiation, tissue patterning, and organogenesis. 1 Stimulation of the hedgehog pathway is mediated by a complex sequence of molecular events at the level of the membrane and primary cilia of vertebrate cells, resulting in an intracellular signaling cascade and transcriptional response ( Figure 1 ). 2 Canonical activation of this pathway is initiated by binding of the hedgehog signaling proteins (i.e., sonic (Shh), Indian (Ihh), and/or desert (Dhh) hedgehog) to the extracellular domain of the transmembrane receptor patched (PTCH1). 3 This event relieves patched-mediated inhibition on the smoothened (Smo) receptor, allowing Smo to translocate from the plasma membrane and endoplasmic vesicles to the primary cilium. 4 Smo activation results in the accumulation of the active forms of Gli2 and Gli3 transcription factors, 5 which stimulate the transcription of Gli-controlled genes, including Gli1 and PTCH1 (Figure 1 ). 6 Aberrant activation of the hedgehog pathway has been associated with tumorigenesis in several human tissues. 7 In particular, an increasing number of tumors, including leukemia, 8 small-cell lung, 9 pancreas, 10 and colon 11 cancer, have been found to rely on ligand-dependent hedgehog signaling for sustained growth and proliferation. Hh signaling is also implicated in the maintenance and propagation of cancer stem cells, 8a,c,12 which are believed to play a crucial role in tumor self-renewal, survival against chemotherapy, and metastasis. 13 Because of the therapeutic potential of the hedgehog pathway, major efforts have been devoted to the development of chemical modulators of this signaling pathway.
14 These efforts have led to the identification of several potent inhibitors of GPCR-like smoothened receptor.
14 These include cyclopamine 15 and vismodegib, 16 which correspond to the archetypal member and the first FDA-approved drug, respectively, belonging to this class of Hh pathway antagonists. Compounds that target downstream components of this pathway 14 or processes involved in Shh maturation 17 have also been reported. In stark contrast, potent inhibitors of the Shh/ patched protein−protein interaction have remained elusive. While a neutralizing anti-hedgehog antibody (5E1) is available, 18 small-molecular-weight agents capable of disrupting this interaction would be desirable. To date, the only compound of this type is robotnikinin, a small-molecule Shh antagonist developed by Schreiber and co-workers. 19 Despite this progress, this compound has only moderate Shh inhibitory activity in vitro and in cells (IC 50 ≈ 15 μM), 19 highlighting the need for more potent inhibitors directed against this component of the hedgehog pathway.
Macrocyclic peptides are promising molecular scaffolds for targeting biomolecular interfaces, including those mediating protein−protein interactions. 21 In view of their attractive features as chemical probes and potential therapeutics, we previously developed methodologies to access macrocyclic peptides through the cyclization of ribosomally derived polypeptides by means of a genetically encoded noncanonical amino acid (ncAA).
22 ncAA-mediated peptide cyclization offers the opportunity to rapidly generate genetically encoded cyclic peptide libraries directly in bacterial cells, which can facilitate molecular discovery efforts. 23 Here, we successfully applied this strategy to develop and evolve a macrocyclic peptide that targets Shh with high binding affinity and effectively inhibits Shh-mediated hedgehog pathway signaling in living mammalian cells. This work makes available a valuable probe molecule for investigating the functional role and therapeutic potential of the Shh/patched interaction. In addition, it introduces and validates an integrated platform for the development of bioactive macrocyclic peptides.
■ RESULTS AND DISCUSSION
Design of Shh-Binding Macrocyclic Peptide HL2-m1. Recent crystallographic studies have provided insights into the structure of Shh in complex with hedgehog-interacting protein (HHIP), a membrane protein that acts as a negative regulator of the Hh pathway (Figure 1) . 24 In this complex, HHIP is found to interact with Shh primarily via an extended loop (L2) located in the extracellular domain of HHIP (Figure 2a) . 25 These previous studies also indicated that the Shh-binding site involved in the interaction with the HHIP L2 loop is shared by patched, as evinced by (a) the sequence similarity between HHIP L2 and an L2-like sequence within the patched extracellular domain and (b) the ability of a linear HHIP L2-derived peptide (HHIP 370−390 ) to inhibit the Shh/patched interaction in vitro, albeit with only very weak activity (IC 50 : 150 μM).
25a On the basis of this information, we envisioned that a macrocyclic peptide encompassing the HHIP L2 loop sequence would provide a viable starting point for the development of an agent capable of disrupting the Shh/ patched protein−protein interaction. In particular, we recognized that the distance between the α-carbon atoms of residue Met379 and Leu385 within the L2 loop of HHIP ( Figure S1 ) is compatible with the interside-chain thioether bridge provided by a peptide macrocyclization method previously reported by our group. 22a The latter involves a cross-linking reaction between a cysteine residue and a genetically encodable O-2-bromoethyltyrosine (O2beY), which bears a cysteine-reactive alkyl bromide group. 22a The side chains of the Met379 and Leu385 residues point away from the HHIP L2-binding cleft in Shh, suggesting that a bridge connecting these positions would not directly interfere with Shh binding. At the same time, the conformational restriction imposed by the interside-chain linkage was expected to be beneficial toward improving Shh affinity compared to a linear L2-derived peptide, as a result of reduced entropic costs upon binding to the protein. On the basis of these considerations, a molecular model of the resulting O2beY/Cys-bridged peptide, called HL2-m1, was generated and docked into the structure of Shh using Rosetta simulations. Briefly, viable conformations of HL2-m1 that accommodate the thioether cross-link were generated based on the crystal structure of the HHIP-Shh complex, followed by energy minimization using the Rosetta FastRelax protocol 26 in the modeled Shh-bound state. These analyses provided support to the design by showing a good overlap between the backbone of the modeled cyclic peptide and that of the HHIP L2 loop in the Shh-bound structure as well as the absence of steric clashes between the thioether bridge and the L2-binding cleft in the Shh protein (Figure 2b) .
Characterization of HL2-m1. With the goal of assessing both the biosynthetic accessibility and Shh-binding properties of HL2-m1, the designer cyclic peptide was targeted for production by recombinant means. To this end, a gene encoding for a 13mer peptide sequence spanning the HHIP L2 loop (HHIP 375−387 ) was cloned into a pET-based expression vector. The codon corresponding to the Met5 residue in the HL2-m1 sequence (Met375 in HHIP) was mutated to an amber stop codon (TAG) to allow for the site-selective incorporation of O2beY via amber stop codon suppression. 27 Residue Leu11 (Leu385 in HHIP) was mutated to cysteine to mediate the formation of the desired thioether bridge. The distance between these residues (i/i + 6) was expected to be compatible with O2beY/Cys cyclization based on our previous studies with model peptide sequences.
22a The HL2-m1 encoding sequence was then fused to an N-terminal FLAG tag for detection purposes (vide inf ra) and to a C-terminal GyrA intein 28 containing a polyhistidine tag to facilitate purification and isolation. The resulting polypeptide construct (FLAG-HL2m1-T-GyrA-H 6 ) was expressed in E. coli cells in the presence of O2beY and a O2beY-specific orthogonal aminoacyl-tRNA synthetase/tRNA pair. 22a After protein purification via Ni-affinity chromatography, the FLAG-tagged HL2-m1 peptide was cleaved from the GyrA intein with thiophenol, followed by HPLC purification. MALDI-TOF MS analysis of the thiol-induced cleavage reaction mixture showed the release of the desired cyclic peptide and no detectable amounts of the acyclic peptide ( Figure S6a ), indicating that O2beY/Cys cyclization had occurred efficiently and quantitatively upon expression in E. coli cells.
To measure the Shh-binding affinity of HL2-m1, an in vitro assay was developed in which recombinant GST-fused Shh was immobilized on microtiter plates and then exposed to the FLAG-tagged peptide. The Shh-bound peptide is then quantified colorimetrically (λ 450 ) using a horseradish peroxidase (HRP)-conjugated anti-FLAG antibody. Using this assay, the FLAG-HL2-m1 peptide was determined to bind Shh with a K D of 3.6 μM ( Figure 3) . In comparison, a linear peptide encompassing the L2 sequence (FLAG-L2-pep) exhibited significantly lower binding affinity for Shh (K D = 20 μM). These results demonstrated the functionality of the designer macrocyclic L2 loop mimic as a Shh targeting agent. In addition, the 5.5-fold higher Shh binding affinity of HL2-m1 compared to its linear counterpart highlighted the anticipated beneficial effect of macrocyclization toward stabilizing the bioactive conformation of the peptide.
Affinity Maturation of Macrocyclic HHIP L2 Loop Mimics. Next, we sought to improve the Shh binding affinity of HL2-m1 by leveraging the ability to genetically encode and produce the macrocyclic peptide in bacterial cells. To this end, the strategy outlined in Figure 4 was applied, which entails the generation of HL2-m1 variant libraries in multiwell plates followed by screening of the recombinantly produced macrocyclic peptides directly in cell lysates. In this system, the amino acid residue (Thr) at the junction between the macrocycleencoding sequence and the GyrA intein was removed to leave an Asp residue at the "intein-1" position. This residue was previously determined to promote the spontaneous, posttranslational cleavage of the C-terminal intein moiety directly in cells, thereby releasing the peptide macrocycle.
22a Upon cell lysis, the FLAG-tagged macrocycles are screened for improved Shh binding activity using the colorimetric assay described above.
For the first round of affinity maturation, five positions within the HL2-m1 macrocycle were selected for mutagenesis based on the modeled HL2-m1/Shh complex ( Figure 2b ). These positions include three interfacial residues located within the α-helical (Glu6, Glu7) and turn region (Gly10) of the molecule and two solvent-exposed residues neighboring the O2beY/Cys linkage (Asp4, Ser12). In this and subsequent steps (vide inf ra), residue Asp9 was left unaltered since the corresponding residue in HHIP (Asp383) mediates an energetically important interaction by coordinating a Zn(II) ion in the L2 binding cleft of Shh ( Figure S1 ). 25 Accordingly, five macrocycle libraries were prepared via site-saturation mutagenesis (NNK degenerate codon) of the aforementioned positions within the HL2-m1 encoding sequence. For each library, ∼90 recombinant clones were arrayed on 96-well plates, followed by in-cell production of the corresponding macrocycles. Upon screening of the library with the immunoassay, several library members were found to exhibit improved Shhbinding activity compared to the parent compound HL2-m1 ( Figure S3 ). Interestingly, each of the single-site libraries yielded two or more improved variants. Among them, the variant containing a Ser12Met mutation, renamed HL2-m2, emerged as the most promising hit, and it was thus selected as the reference compound during the second round of affinity maturation.
Importantly, detailed structure−activity information for each mutated site was gathered at this point by sequencing the multiple hits identified from the initial macrocycle libraries ( Figure S3 ). On the basis of this information, three second- Figure S4 ). By sequencing, HL2-m3 was determined to contain a total of three mutations, namely, Asp4Trp, Gly10Met, and Ser12Thr ( Figure 3 ). The cyclic structure of HL2-m3 was further confirmed by expressing this sequence as stable GyrA intein fusion (i.e., by introducing Thr at the "intein-1" position), followed by thiol-induced intein cleavage and MS analysis. These tests showed the occurrence of the macrocyclic peptide as the only detectable species ( Figure S6b ). After purification, this compound was determined to bind Shh with a K D of 330 nM (Figure 3 ), corresponding to an 11-fold improvement compared to HL2-m1.
As the next step, all of the yet unmodified positions within the HL2-m3 sequence (relative to HL2-m1) were randomized by site-saturation mutagenesis. From the resulting libraries, an improved HL2-m3-derived variant was obtained, which carries a Glu → Ala mutation at the level of residue 7 (HL2-m4). A second hit carrying an Asp3Ser mutation was also identified at this stage. Upon combining these mutations, a further improved Shh-binding macrocycle was obtained, which was named HL2-m5. HL2-m5 contains a total of five amino acid substitutions compared to HL1-m1, and it undergoes quantitative cyclization in vivo ( Figure S6c ), further demonstrating the robustness and reliability of the O2beY-mediated peptide cyclization chemistry. Upon purification, FLAG-HL2-m5 was found to bind Shh with a K D of 170 nM (Figure 3) , which corresponds to a more than 20-fold increase in affinity compared to the initially designed macrocycle (HL2-m1) and to a nearly 120-fold improvement compared to the linear L2-derived peptide. Altogether, these results supported the effectiveness of the strategy outlined in Figure 4 toward enabling the affinity maturation of the initially designed macrocyclic L2 mimic.
Molecular Modeling and Circular Dichroism Experiments. To gain further insights into the role of the beneficial mutations accumulated in HL2-m5, a model of the cyclic peptide in complex with Shh was generated using Rosetta simulations ( Figure S2 ). Inspection of the complex suggested the occurrence of potential interactions between the Trp4 and Met10 residues of HL2-m5 with regions of the Shh surface that are not contacted by the corresponding residues in the HL2-m1 peptide (Figure 2 ) or within the L2 loop of HHIP ( Figure S1 ).
Specifically, the side chain of Met10 inserts into the L2 binding cleft of Shh ( Figure S2 ), establishing new contacts between the protein and the HL2-m5 peptide that are not present in the Shh/HHIP complex due to the presence of a Gly residue at this position. Particularly interesting is also the case of Trp4, whose aryl ring inserts into a nearby cleft on the Shh surface according to the energy-minimized model of the complex. Experimentally, the energetic importance of this interaction is corroborated by the identification of an identical mutation, i.e., Asp4 → Trp, among the most active compounds isolated from the single-site mutagenesis libraries derived from HL2-m1 ( Figure S3 ). On the other hand, the positive effect of the Asp7Ala substitution accumulated in HL2-m5 is supported by the approximately 2-fold higher Shh binding affinity of HL2-m4 compared to HL2-m3. The same substitution was also identified as beneficial during screening of the HL2-m1-derived libraries ( Figure S3 ). Residue 7 is located at the C-terminal end of the two-turn α-helix, and the beneficial effect of the alanine substitution at this position can be rationalized based on stabilization of an α-helical conformation in this region of the molecule.
To better examine the conformational properties of HL2-m5, a FLAG tag-free version of this peptide along with that of the linear L2-derived peptide (Ac-TLDDMEEMDGLSD-NH2) was prepared by solid-phase peptide synthesis (vide inf ra) and analyzed by circular dichroism (CD). As shown in Figure  5a , the near-UV CD spectrum of the linear L2-based peptide is consistent with that of a random coil polypeptide, indicating that it lacks a well-defined structure in solution. In contrast, the HL2-m5 macrocycle exhibits more pronounced negative bands in the 215−222 nm range along with a positive band in the 190−195 nm region of the CD spectrum (Figure 5b ). These features are consistent with the presence of a more structured peptide containing an α-helical motif. In addition, unlike for the linear peptide, intensification of the spectral features of the HL2-m5 macrocycle was observed upon addition of the helixinducing solvent trifluoroethanol. 29 Thus, in addition to more favorable contacts with the Shh surface as suggested by molecular modeling, the improved Shh-binding affinity of HL2-m5 compared to the linear L2 peptide likely arises from a stabilization of the bioactive conformation as a result of the cyclic backbone and other sequence alterations (e.g., Asp7Ala mutation).
Synthesis of Macrocyclic Peptides via SPPS.
To provide further access to the macrocyclic peptides, a synthetic strategy was devised to afford these compounds. Inspired by approaches previously adopted for the synthesis of lantibiotics, 30 this strategy involves the incorporation of a dipeptide building block encompassing the O2beY/Cys thioether cross-link during solidphase peptide synthesis (SPPS), followed by on-resin cyclization and cleavage/deprotection of the peptide from the resin (Scheme 1). As shown in Scheme 1a, the dipeptide building block 7 was prepared via alkylation of N-Alloc-(O-2-bromoethyl)tyrosine allyl ester (3) with N-Fmoc-(L)-cysteine tert-butyl ester (6), followed by removal of the tert-butyl group under acidic conditions. For the synthesis of HL2-m5, the first two C-terminal amino acids were loaded on a Rink amide MBHA resin, followed by incorporation of the dipeptide building block via amide coupling with COMU, yielding 8. The peptide chain was then further extended to include amino acid residues Met10 to Glu7, affording 9. The side-chain Alloc and allyl ester protecting groups were then removed using Pd(PPh 3 ) 4 catalyst in the presence of PhSiH 3 , whereas the Nterminal amino group was exposed via Fmoc deprotection. Onresin cyclization was then realized under amide coupling conditions with PyBOP and HOBt in the presence of DIPEA, to afford 11. The peptide was then further extended via SPPS to include the N-terminal tail of the peptide, followed by Fmoc deprotection and N-acetylation. The synthesis of HL2-m5 was completed by cleavage of the peptide from the resin using a 95:2.5:2.5 trifluoroacetic acid/triisopropylsilane/water mixture. After purification by reverse-phase HPLC, the desired macrocyclic peptide was obtained with an overall yield of 15% (Figure S8). The same protocol could be then applied to afford HL2-m1 ( Figure S9 ) in comparable yields.
Suppression of Hedgehog Pathway Activation in Living Cells. Having demonstrated the ability of HL2-m5 to target Shh in vitro, we next examined its activity toward disrupting Shh-mediated hedgehog pathway signaling in cells. To this end, we utilized a cell-based luciferase reporter assay, 31 in which mouse embryo fibroblasts (NIH3T3) are transfected with vectors encoding for a firefly luciferase (FF) gene under a Gli-controlled promoter and a Renilla luciferase (Ren) gene under a constitutive promoter. Hh pathway suppression is measured based on the decrease in firefly/Renilla luminescence ratio in the presence of the inhibitor. In preliminary experiments, this assay was validated using the Smo inhibitor cyclopamine, which caused full inhibition of Shh-induced luminescence in the cells at a concentration of 10 μM, in accordance with previous reports. 31 After transfection with the luciferase reporter plasmids, NIH3T3 cells showed strong luminescence in the presence of recombinant N-palmitoylated sonic hedgehog (Shh-N) and low luminescence in the absence of Shh-N, thereby confirming Shhdependent activation of the hedgehog pathway in the cells. Upon incubation of Shh-N-stimulated cells with HL-m5, a dose-dependent suppression of the luminescence signal was observed (Figure 6a ), from which a half-maximal inhibitory concentration (IC 50 ) of 250 nM was determined. A residual pathway activity was observed at the highest dose tested, which could be attributed to the limited solubility of the peptide at a concentration of ≥5−10 μM in the medium used for the cellbased assay. In contrast to the cyclic peptide, the linear L2-pep peptide showed no inhibitory activity at concentrations up to 30 μM under identical conditions. Incubation of HL-m5-treated cells with purmorphamine, a Smo agonist, 32 restored activation of the signaling pathway (Figure 6b ), demonstrating that HL2-m5-dependent inhibition occurs at the level of Shh/patched interaction. Notably, the inhibitory activity of HL2-m5 toward blocking hedgehog pathway activation in cells is nearly 2 orders of magnitude higher than that of robotnikinin (IC 50 ≈ 15 μM), 19 as determined using a similar cell-based assay. Noteworthy is also the fact that the IC 50 value exhibited by HL2-m5 in the cell-based assay (250 nM) is very similar to the K D value measured for FLAG-HL2-m5 in the in vitro Shh binding assay (170 nM, Figure 3 ) and to the IC 50 value of HL2-m5 determined using this assay in a competition format (280 nM, Figure S10 ). These results indicate that the macrocyclic peptide targets Shh with high affinity and specificity even in the presence of cells and a complex growth medium.
To further validate HL2-m5 as a hedgehog pathway antagonist, the effect of this compound on the transcriptional activity of two canonical target genes of the pathway, Gli1 and Ptch1 (Figure 1 ), was examined via real-time PCR. As shown in Figure 6c , a significant reduction (75−85%) of the mRNA levels corresponding to these genes was observed in Shh-Nstimulated cells upon incubation with HL2-m5 at 10 μM, relative to compound-untreated cells. Treatment with the macrocyclic peptide also suppresses the mRNA level for the transcription factor Gli2. For both Ptch1 and Gli2, the corresponding transcriptional levels in HL2-m5-treated cells approach those observed in unstimulated cells grown in the absence of Shh-N ligand (Figure 6c) . No changes in cell morphology, growth behavior, and titer were noted in the presence of HL2-m5, indicating a lack of cytotoxicity at the highest concentration range applied in these experiments. Taken together, these results demonstrate that the macrocyclic peptide is able to potently inhibit Shh-dependent hedgehog pathway activation in living cells and suppress signature transcriptional responses resulting from ligand-induced stimulation of the pathway.
Hedgehog Analogue Selectivity. While Shh is the most abundant analogue among hedgehog proteins, paracrine/ autocrine hedgehog signaling in normal and cancer cells is also mediated by the Indian (Ihh) and Desert (Dhh) analogues. 33 Hh-targeted inhibitors capable of targeting multiple analogues of this protein are thus expected to be particularly useful toward suppressing ligand-induced activation of this pathway. Since the Hh analogue selectivity of robotnikinin had not previously been investigated, this property was examined by means of a competition assay, whereby inhibition of FLAG-HL2-m5 binding to plate-immobilized GST-Shh, GST-Ihh, or GST-Dhh is measured via the HRP-conjugated anti-FLAG antibody. These experiments showed that robotnikinin has significantly lower affinity toward Ihh and Dhh relative to Shh (Figure 7) . By comparison, HL2-m5 was found to interact with all three analogues of Hh proteins, showing nearly identical activity toward Shh and Ihh (Figure 7) . Consistent with this trend, direct binding experiments showed that HL2-m5 interacts with Ihh and Dhh with a K D of 160 and 330 nM, respectively ( Figure S11) . Thus, the affinity of HL2-m5 for Ihh and Dhh is nearly identical and only 2-fold lower, respectively, than that for Shh (170 nM) as determined using the same assay. These results indicate that the macrocyclic peptide can act as an effective inhibitor for all analogues of the hedgehog protein. In the interest of determining how the affinity maturation process affected the Hh analogue selectivity of the peptides, these experiments were extended to the other linear and cyclic L2 mimics. These analyses showed that the linear L2-based peptide (HL2-pep) binds preferentially to Dhh over Shh and Ihh (Dhh > Shh ≈ Ihh; Figure 7 ). This selectivity profile mirrors that of full-length HHIP. 34 Interestingly, macrocyclization of the L2 peptide sequence via the O2beY/Cys linkage (= HL2-m1) results in a complete shift in Hh analogue selectivity (Ihh > Shh ≫ Dhh), leading to a preference for Ihh over Shh and nearly abolishing its affinity for Dhh. In the HL2-m1 → HL2-m2 transition, the selectivity is then shifted toward Shh. This result is reasonable given that improved Shh binding was the selection criteria applied during the library screening process. At the same time, it is interesting to see how a single mutation accumulated during this step (Ser12Met) restores binding to Dhh and leads to Hh analogue cross-reactivity (Figure 7) . With HL-m3, the preference for Shh over the other two Hh analogues becomes more pronounced (Shh > Ihh ≈ Dhh). As noted above, HL2-m5 shows comparable affinity toward Shh and Ihh and higher preference toward these analogues over Dhh (Shh ≈ Ihh > Dhh). Altogether, these results illustrate the potential of tuning the Hh analogue selectivity of these macrocyclic peptide scaffolds.
■ CONCLUSION
In summary, we have reported the development of a potent macrocyclic peptide inhibitor of the Shh/patched interaction, a key protein−protein interaction implicated in the activation of the hedgehog pathway. HL2-m5 binds Shh with high affinity in vitro and is able to effectively suppress Shh-mediated stimulation of hedgehog pathway signaling in living mammalian cells. The inhibitory activity of HL2-m5 is about 2 orders of magnitude higher than that of robonitnikinin, the only compound previously reported to target the Shh/patched interaction. Furthermore, unlike robonitnikinin, HL2-m5 exhibits high affinity toward all three analogues of the hedgehog protein. HL2-m5 also shows promising stability against proteolytic degradation (t 1/2 > 6−8 h in blood serum; Figure  S12) . Collectively, these features should make HL2-m5 a valuable probe for investigating the biological role and therapeutic potential of the Hh/patched interaction in the context of pathologies that are associated with aberrant liganddependent activation of the hedgehog pathway.
From a methodological standpoint, this work demonstrates the value of the strategy outlined in Figure 4 toward the development of potent and selective macrocyclic peptide disruptors of protein−protein interactions. Using this approach, a low-affinity linear peptide encompassing a Shh recognition motif from HHIP could be rapidly evolved into a high-affinity Shh-targeting agent (120-fold lower K D ) through the generation and screening of macrocyclic peptide libraries generated in bacteria. This process was further facilitated by the ability to produce and isolate the macrocyclic peptides by recombinant means, which expedites hit evaluation in secondary functional assays. At the same time, an efficient methodology was implemented to afford these compounds by synthetic means, which will facilitate further optimization of these compounds using non-proteinogenic amino acids. We expect that the overall strategy presented here will prove valuable for the development of bioactive cyclopeptides against a variety of other challenging protein−protein interactions.
■ EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification of GST-Hh Proteins. Vectors containing human Shh, Ihh, and Dhh genes were kindly provided by the Riobo-Del Galdo laboratory. 34 Genes encoding for Shh, Ihh, and Dhh were amplified by PCR (primers #1−6; Table S1 ) and cloned into the Nco I/Xho I cassette of the expression vector pET42b (Novagen), resulting in the C-terminal fusion of the Hh protein sequence to that of glutathione-S-transferase (GST) protein containing a polyhistidine tag. The GST-Hh fusion proteins were expressed in BL21(DE3) cells by growing recombinant cells in LB medium with kanamycin (30 μg/mL). At an OD 600 of 0.6, cells were induced with 1 mM IPTG (isopropil-β-D-1-tiogalattopiranoside) and grown for 20 h at 27°C. The proteins were purified by Ni-NTA chromatography (Invitrogen) according to the manufacturer's instructions. After elution, the proteins were buffer exchanged with phosphate-buffered saline (PBS) buffer (10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl, pH 7.4) and stored at −80°C. The identity and purity of the purified proteins were confirmed by MS spectrometry and SDS-PAGE ( Figure S5) .
Cloning of HL2-m1 Constructs. A DNA sequence encoding for the HL2-m1 sequence fused to an N-terminal FLAG tag and a Cterminal GyrA intein from Mycobacterium xenopi 28 (MDYKDDDDK-(GS) 2 -TLDD(stop) EEMDGCSD-T-(GyrA)) was assembled by PCR. The resulting gene was cloned into the BamH I/Xho I cassette of the expression vector pET22b (Novagen), resulting in the fusion of polyhistidine (H 6 ) tag to the C-terminus of the intein. Using a similar procedure, a "self-cleaving" variant 22a of the FLAG-HL2-m1-GyrA construct was prepared by removing the Thr residue preceding the intein sequence (= "intein-1" position), thereby leaving an Asp residue at the intein-1 position. In a similar manner, a stable and a self-cleaving variant of the FLAG tag-fused L2-derived peptide (= MDYKDDDDK-(GS) 2 -TLDDMEEMDGLSD-(T)-(GyrA))) were prepared. The sequences of the recombinant vectors were confirmed by DNA sequencing.
Library Construction and Screening. The single-site sitesaturation libraries were constructed via overlap extension PCR using pET22_FLAG-(HL2-m1)-D-GyrA as the template and the appropriate mutagenizing primers (NNK codon at target position; forward primers #12−16, #23, #24, reverse primer #8; Table S1 ). The PCR product was cloned into the BamH I/ Xho I cassette of pET22_FLAG-(HL2-m1)-D-GyrA. The recombinant plasmids were transformed in DH5α cells and selected on LB plates containing ampicillin (100 μg/mL). The recombination libraries were prepared in a similar manner but using primers with partially randomized codons (codons: KGB, WAM, KGG, WYG, AYG; forward primers #17−22; reverse primer #08) to encode for the desired subset of amino acids at each target position. The resulting plasmid libraries were pooled and transformed into cells containing a pEVOL_O2beY-RS vector 22a encoding for the orthogonal O2beY-RS/tRNA CUA pair. Recombinant cells were selected on LB plates containing ampicillin (100 μg/mL) and chloramphenicol (34 ug/mL), and individual colonies from these plates were used to inoculate 1.0 mL of LB media containing the two antibiotics in 96-deep well plates. After overnight growth at 37°C, 50 μL from each well was used to inoculate a replica plate containing 1 mL of M9 medium containing ampicillin (100 μg/mL) and chloramphenicol (34 μg/mL). Cells were grown to an OD 600 of 0.6 in a plate shaker at 37°C and then induced with arabinose (0.06% m/ v) and O2beY (2 mM). After 1 h, cells were induced with IPTG (1 mM) and grown at 27°C for 18−20 h. For library screening, the 96-well-plate cell cultures were pelleted by centrifugation and then washed once with PBS buffer. Cell pellets were then resuspended in lysis buffer (50 mM potassium phosphate, 150 mM NaCl, 10 mM MgCl 2 , 0.8 μg/mL DNase, 0.8 mg/mL lysozyme, pH 7.5) and incubated for 1 h and 15 min at 37°C. After centrifugation, 200 μL of the clarified lysate was used for measuring Shh-binding activity using the immunoassay described further below (see Hedgehog Binding Assay). Positive hits were identified upon comparison with the reference macrocycle and then validated through rescreening in triplicate using the same overall procedure and assay. The validated hits were then deconvoluted via DNA sequencing of the plasmids extracted from the master plate.
Recombinant Synthesis and Purification of Macrocyclic Peptides. Plasmids for the expression of stable GyrA intein fusions of the macrocyclic peptides were prepared by substituting the Asp residue at the "intein-1" position with Thr in the corresponding pET22-based plasmids via site-directed mutagenesis. The plasmids were cotransformed along with the pEVOL_O2beY-RS plasmid into E. coli BL21(DE3) cells. The recombinant cells were grown in LB media containing ampicillin (100 μg/mL) and chloramphenicol (34 μg/mL) overnight at 37°C. Overnight cultures were then used to inoculate 1.0 L of M9 media ampicillin (100 μg/mL) and chloramphenicol (34 μg/mL). After growth at 37°C to an OD 600 of 0.6, the cells were induced with arabinose (0.06% m/v) and O2beY (2 mM). After 1 h, cells were induced with IPTG (1 mM) and grown at 27°C for 18−20 h. The GyrA-fused peptides were purified by Ni-NTA chromatography (Invitrogen), and the eluted proteins were buffer exchanged with potassium phosphate buffer (10 mM potassium phosphate, 150 mM NaCl, pH 7.5). Cleavage of the intein was carried out using a 200 μM solution of purified proteins in potassium phosphate buffer containing 20 mM TCEP (tris(2-carboxyethyl)-phosphine) and 10 mM thiophenol at pH 8.5. The reaction mixtures were incubated overnight at room temperature with gentle shaking and then dialyzed against water. The cleaved peptide was purified using solid-phase extraction with a step gradient of acetonitrile in water (+ 0.1% TFA). The peptides generally eluted between 10% and 25% acetonitrile. After lyophilization, the peptides were further purified by reverse-phase HPLC using a Grace C18 column (monomeric; 120 Å; 250 × 10 mm) and a 5% → 95% gradient of acetonitrile in water (+ 0.1% TFA (trifluoroacetic acid)). The peptide identity was confirmed by MALDI-TOF MS ( Figure S7 ), and the concentration was determined by HPLC (OD 220 ) using a calibration curve generated with a reference peptide of identical length. Typical yields for the recombinantly produced cyclic peptides obtained using this procedure were between 0.5 and 1.5 mg/L culture.
Molecular Modeling. The peptide variants were mapped onto the backbone scaffold derived from an HHIP L2 loop structure in the Shhbound state (PDB code: 3HO5; 25a residues 375−387 chain B). On the basis of visual examination of the L2 structure, the backbone psi dihedrals of residue 383 were perturbed by up to 37.5°, and RosettaMatch 35 was used to select backbone conformations that accommodate the O2beY-Cys thioether cross-link between positions 5 and 11. Geometric constraints to model the preferred geometry of the O2beY-Cys thioether cross-link were derived from the Cambridge Structural Database. The resulting conformations were optimized using the Rosetta FastRelax protocol. 26 Total and per-residue energies of the macrocycle residues were used for scoring, and visual examination of models was used to identify favorable interactions. During the energy minimization, geometric constraints were placed on both the metal-chelating Asp10 residue and the O2beY/Cys cross-link. Atom coordinate constraints were placed for backbone atoms of Shh residues outside of the L2 binding cleft to maintain them in their crystallographic conformations. All Rosetta files required to perform simulations are provided as Supporting Information.
Synthesis of O2beY and Dipeptide Building Block. O2beY was synthesized as described previously. 36 Detailed procedures for the synthesis of 7 are provided as Supporting Information.
Solid-Phase Peptide Synthesis. The macrocyclic peptides were manually synthesized via standard solid-phase Fmoc chemistry using MBHA (4-methylbenzhydrylamine) rink amide resin (loading: 0.25 mmol/g) in a polypropylene reaction vessel. Standard Fmoc-protected amino acids were used as building blocks, with the exception of Asp10, for which N-Fmoc-Asp(OEpe)CO 2 H was used to avoid aspartimide formation. Loading of the first amino acid and subsequent elongation steps were carried out using 5 equiv of Fmoc-protected amino acid preactivated with COMU ((1-Cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-carbenium hexafluorophosphate) (4.95 equiv) and diisopropylethylamine (DIPEA) (10 equiv) in dimethylformamide (DMF) for 1 h at room temperature. The Fmoc protecting group was removed with 30% piperidine in DMF (2 × 10 min). To introduce the dipeptide building block, compound 7 (75 mg 0.11 mmol) was preactivated with COMU/DIPEA in DMF and added to the resin for 3 h at room temperature. Prior to the cyclization reaction, deprotection of the Alloc/allyl groups was carried out using Pd(PPh 3 ) 4 (1 equiv)/PhSiH 3 (20 equiv) in dry dichloromethane (2 × 45 min). Peptide cyclization was carried out at millimolar pseudodilution using a mixture of PyBOP (benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate) (2 equiv), HoBt (hydroxybenzotriazole) (2 equiv), and DIPEA (4 equiv) in DMF, for two cycles of 12 h. After addition of the last amino acid in the sequence, the resin-bound peptide was acetylated by two treatments with a mixture of acetic anhydride (0.5 M), DIPEA (0.015 M), and HOBt (0.125 M) in DMF for 10 min. The peptides were cleaved from the solid support using a solution of TFA/H 2 O/triisopropylsilane (95:2.5:2.5 v/v/v) for 3 h at room temperature. After removal of the resin by filtration, the crude peptide was precipitated with cold MTBE (methyl-tert-butyl-ether), redissolved in 1:1 water/acetonitrile solution, and lyophilized. The crude peptide was purified by reversephase HPLC using an Agilent 1200 system equipped with a Grace C18 column (10 μm; 90 Å; 250 × 10 mm) at a flow rate of 2.5 mL/min and a linear gradient starting from 20% to 80% acetonitrile in water (+ 0.1% TFA) over 25 min. The purity and identity of all peptide were confirmed by analytical HPLC and LC-MS ( Figures S8 and S9) . The overall yield of the macrocyclic peptides obtained using this procedure was around 15%.
Hedgehog Binding Assay. Shh-binding activity/affinity of the linear and cyclic peptides was measured using the immunoassay outlined in Figure 4 . For these experiments, GST-Shh was immobilized on microtiter plates by incubating 100 μL of a 4 μM GST-Shh solution in PBS buffer overnight at 4°C, followed by washing (3 × 150 μL of PBS with 0.5% Tween-20) and blocking with 0.5% bovine serum albumin in PBS for 1.5 h at room temperature. After washing, each well was incubated with 200 μL of cell lysate for 1 h at room temperature (for library screening). For the K D determination experiments (Figure 3) , each well was incubated under the same conditions with 100 μL of purified FLAG-fused peptide at varying peptide concentrations. The FLAG-tagged peptides were prepared by recombinant means as described above (see Recombinant Synthesis and Purification of Macrocyclic Peptides). After washing, each well was incubated with 100 μL of 1:2500 dilution of HRP-conjugate mouse anti-FLAG polyclonal antibody (SigmaAldrich) for 1 h at room temperature. After washing, 100 μL of 2.2 mM o-phenylenediamine dihydrochloride, 4.2 mM urea hydrogen peroxide, 100 mM dibasic sodium phosphate, and 50 mM sodium citrate, pH 5.0, were added to each well, followed by measurement of the absorbance at 450 nm after 10−20 min using a Tecan Infinite 1000 plate reader. Equilibrium dissociation constants (K D ) were determined by fitting the dose−response curves (Figure 3 ) to a 1:1 binding isotherm equation via nonlinear regression using SigmaPlot. K D values for HL2-m5 binding to Ihh and Dhh were determined in a similar manner using GST-Ihh-and GST-Dhh-coated plates, respectively. The peptide relative binding affinity for the three analogues of hedgehog (Figure 7) was determined using the same assay and peptide solutions at a fixed concentration of 0.5−1 μM. In this case, binding responses were subtracted against the blank (no peptide sample) and normalized to the highest value measured across the three Hh analogues. Mean values and standard deviations were calculated from experiments performed at least in triplicate.
Competition Assay. A PBS solution (100 μL) containing 10 μM robotnikinin and 400 nM FLAG-HL2-m5 was added to GST-Shh-, GST-Ihh-, and GST-Dhh-coated wells in a microtiter plate. The plates were then treated and developed as described above. The relative affinity of robotnikinin for the three Hh analogues was expressed as follows: (1 − % inhibition) GST-Hh /(1 − % inhibition) GST-Shh , where % inhibition in the presence of GST-Shh was 34%. Mean values and standard deviations were calculated from experiments performed in triplicate. The same assay was applied to determine the IC 50 value for the inhibition of FLAG-HL2-m5 binding to immobilized GST-Shh induced by the synthetic peptide HL2-m5 ( Figure S10) . Circular Dichroism Analyses. CD analyses were performed using solutions of the purified, synthetic peptides at a concentration of 0.4 μM in 20 mM potassium phosphate buffer (pH 7) in the absence and in the presence of trifluoroethanol at 50% or 75% (v/v). CD spectra were recorded at 26°C at a scan rate of 50 nm/min with a bandwidth of 1 nm and an averaging time of 10 s per measurement using a JASCO J-1100 CD spectrophotometer. The raw signal (θ d , mDeg) was background subtracted against buffer and converted to molar residue ellipticity (θ MRE ) using θ MRE = θ d /(cln R ), where c is the peptide concentration (M), l is the path length (1 mm), and n R is the number of residues in the peptide.
Serum Stability Assay. The serum stability assay was carried out by dissolving the peptide at a final concentration of 25 μM in 300 μL of 50% human male serum (Sigma-Aldrich) in 20 mM potassium phosphate buffer (pH 7.0). Prior to the assay, the serum was clarified by centrifugation at 14 000 rpm for 15 min and preactivated at 37°C for 10 min. Each peptide was incubated at 37°C, and aliquots (45 μL) were removed over the course of 26 h and quenched with 45 μL of 20% trichloroacetic acid solution, followed by incubation at 4°C for 15 min and centrifugation at 14 000 rpm for 5 min. The supernatants were analyzed by analytical RP-HPLC (Grace Vision HT C18 HL column; 21.2 × 250 mm; 5 μm) using a gradient from 10% to 75% of acetonitrile (0.1% TFA) in water (0.1% TFA) at a flow rate of 1 mL/ min. The residual peptide was quantified based on the corresponding peak area (210 nm) as relative to the sample at time zero. Mean values and standard deviations were calculated from experiments performed in triplicate.
Gli-Reporter Assay. NIH3T3 cells (AATC CRL-1658) were passaged twice and then plated in 24-well culture dishes at 5 × 10 5 cells/well in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin/ streptomycin. After 24 h, the cells were transfected (TransIT-2020) with a mixture of a firefly luciferase reporter construct under the control of a Gli1 inducible promoter and a Renilla luciferase reporter construct under a constitutive promoter (40:1) (Cignal GLI reporter luciferase kit, Qiagen). Cells were allowed to reach confluency, at which point the media was changed to Opti-MEM containing 1% FBS and added with 4 nM Shh-N (R&D Systems, Minneapolis, MN, USA) in sterile PBS buffer. Synthetic HL2-pep and HL2-m5 were added at the same time at varying concentrations (0.01−30 μM), and control cells were prepared by adding vehicle only (1% DMSO). Purmorphamine-treated cells were prepared by adding 5 μM purmorphamine to wells containing 10 μM HL2-m5. After growth for 24 h at 37°C in a humidified chamber, the cells were harvested and analyzed for firefly and Renilla luciferase activity using a Tecan Spark-20 plate reader and a DLR kit (Promega) according to the manufacturer's instructions. Luminescence values were normalized to those of the Shh pathway activated control cells. Mean values and standard deviations were calculated from experiments performed at least in duplicate.
Gene Transcription Analyses. NIH3T3 cells were passaged twice and plated at a density of 1:3 in DMEM containing 10% FBS and 1% penicillin/streptomycin in six-well cell culture dishes. Cells were allowed to reach confluency, at which point the media was changed to Opti-MEM containing 1% FBS and added with Shh-N (4 nM). At the same time, the cells were incuated with HL2-m5 (25 uM) or vehicle only (1% DMSO). After growth for 24 h at 37°C in a humidified chamber, the cells were harvested, and total mRNA was collected using TRIazol reagent (ThermoFisher) according to the manufacturer's instructions. cDNA was generated using 1 μg of mRNA using FirstStrand RT-PCR with random hexamers (Super-Script First-Strand RT-PCR, ThermoFisher). The relative amounts of Gli1, Gli2, and Ptch1 mRNA transcripts were determined by real-time PCR (Bio-Rad CFX thermocycler) using the primers listed in Table S1 and SYBR green TAQ reagent (Bio-Rad) according to the manufacturer's protocol. The mRNA levels for the biomarker genes were normalized to that of the reference house-keeping gene cyclophilin. Mean values and standard deviations were calculated from measurements performed in quadruplicate.
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